Stem cell-based cell replacement of lost midbrain dopamine (mDA) neurons is a potential therapy for Parkinson's disease (PD). Toward this goal, it is critical to optimize various aspects of cell transplantation and to assess functional recovery through behavioral tests in validated animal model(s) of PD. At present, cell transplantation studies are being done almost exclusively in neurotoxin-based animal models, because few genetic models of PD exhibit robust mDA neuronal loss. Here we used a genetic model of PD, the aphakia mouse, which demonstrates selective degeneration of mDA neurons in the substantia nigra. We systematically investigated the functional effects of transplanting embryonic stem cell-derived cells at different stages of in vitro differentiation: embryoid body (EB), neural progenitor (NP), and neuronal differentiated (ND) stages. We found that transplantation of NP cells yielded the best outcomes for both survival and behavioral improvement, while transplantation of EB and ND cells resulted in high teratoma-like tumor formation and poor survival, respectively. In behavioral paradigms specific to basal ganglia, the NP cells group prominently improved motor behavioral defects 1 and 2 months posttransplantation. Furthermore, we found that NP cell transplantation also improved cognitive impairments of aphakia mice, as examined by the passive avoidance task. Importantly, these graft-induced functional improvements well correlated with survival of tyrosine hydroxylase-positive DA neurons. Taken together, we propose that the aphakia mouse can serve as a novel and useful platform for cell transplantation studies to assess both neurological and cognitive improvements and that NP stage cells represent an optimal stage for transplantation.
INTRODUCTION
Parkinson's disease (PD) is the second most common neurodegenerative disorder affecting approximately 1% of the population over age 65 (34, 35) . At present, there are no treatments that can halt or slow down PD's progress. Given that a major characteristic of PD is selective loss of a specific cell type, that is, midbrain dopaminergic (mDA) neurons in the substantia nigra (SN), a potential therapeutic approach is stem cell-based replacement therapy. Indeed, clinical transplantation trials showed that grafting human fetal mesencephalic tissues could, in some patients, dramatically improve PD symptoms for a long period (27, 46) . These successful clinical studies demonstrated the proof-ofprinciple supporting cell-based replacement therapy of PD. However, fetal cell transplantation has significant technical and practical limitations, including the limited and controversial availability of transplantable human fetal cells.
In addition, more recent double blind, placebo-controlled clinical trials found no significant behavioral benefits in primary endpoints, representing a major setback for the field (26, 45) . These rather poor clinical outcomes may have been caused by many possible factors including the lack of a standardized cell source, different transplantation procedures, unfavorable cell composition (e.g., too many serotonergic neurons), and the clinical status of transplanted PD patients [most of them had previously been treated with l-3,4dihydroxyphenylalanine (l-DOPA)] (37, 38, 51) . Therefore, there is an unmet and enormous demand for a standardized and unlimited cell source in order to further develop cell-based therapy of PD, which will require more systematic and extensive studies of cell transplantation in appropriate animal models.
First established in mice and then in humans, blastuladerived embryonic stem cells (ESCs) due to their unlimited in vitro proliferation and pluripotency represent a promising cell source for transplantation therapy of PD (21, 39, 53) . To evaluate the potential of ESC-derived cells as a transplantable cell source, many laboratories investigated in vitro neuronal differentiation followed by transplantation and observed that mouse ESCs can generate neural progenitor/ precursor (NP) cells and then functional mDA neurons that can ameliorate motor dysfunction in animal models of PD (3, 8, 28, 29, 32, 33, 36, 48) . Notably, these studies used different stages of in vitro-differentiated cells derived from mouse ESCs, including undifferentiated ESCs (8) , NPs (15, 16) , or differentiated neurons (3, 29, 33, 41, 48) . In addition, human ESC-derived cells have also been shown to generate mDA neurons and improve motor dysfunction in animal models of PD, mostly using differentiated neuronal cells (6, 11, 14, 49) .
To date, the assessment of therapeutic effects of ESC transplantation has been based on limited behavioral assays, such as observing a reduction of turning behavior in 6-hydroxy dopamine (6-OHDA)-lesioned rodents (9, 42) . While this behavioral model is very useful for assessing the behavioral outcomes of stem cell transplantation, it is desirable to develop additional genetic models of PD that can examine various behavioral aspects related to PD symptoms including nonmotor behaviors such as cognitive impairments. We and others previously demonstrated that pituitary homeobox 3 (Pitx3)-deficient aphakia (ak) mice display prominent and selective loss of mDA neurons in the SN and show defects of the nigrostriatal pathway (30, 31, 43, 52, 54) , suggesting that ak mice can be used as a novel and useful genetic model of PD. Indeed, although initial studies did not reveal any PD-like motor deficits by measuring gross motor activity (30), we found that ak mice exhibit motor deficits in nigrostriatal pathwaysensitive behavioral tests, which was reversed by treatment with l-DOPA (31). In addition, ak mice displayed "DA denervation supersensitivity," which is another prominent feature observed both in animal models and in PD patients. Furthermore, ak mice were found to be impaired in striatum-dependent cognitive tasks such as rotarod learning, T-maze, and inhibitory avoidance tasks (2), indicating that some neuropsychiatric aspects of PD can also be tested in this unique model. In the present study, we sought to test transplantation of mouse ESCderived cells at different stages of differentiation in ak mice. Since a high number of animals with the same level of mDA neuronal loss can be easily obtained, the use of this genetic model makes it possible to test different conditions of cell transplantation. In particular, using the five-stage in vitro differentiation procedure (16, 17, 36) , we attempted to test the effects of transplantation of different stage cells derived from mouse ESCs, for example, embryonic bodies (EBs), neural progenitors (NPs), and differentiated neuronal cells (ND), using ak mice treated with saline and l-DOPA as negative and positive controls, respectively. Based on our recent study showing cognitive impairments in ak mice (2), we also addressed whether transplantation of ESC-derived cells can ameliorate these nonmotor deficits as well.
MATERIALS AND METHODS

Animals
Homozygous aphakia/aphakia (ak/ak) mice were originally obtained from Jackson Labs (Bar Harbor, ME, USA) (strain B6xC57BLKS-Pitx3 ak 'J; 000942). Several breeding pairs were expanded and maintained in the Animal Care Facility at McLean Hospital, as previously described (2, 31) . Mice homozygous for the retinal degeneration 1 (rd1) mutation (B6.C3-Pde6 brd1 ; The Jackson Laboratory) were used as a blind mouse control to exclude the possibility that any potential changes that we observed were due to ak mice's blindness (2, 31) . Two-to 3-monthold mice were used for the following assays. The use of animals was in accordance with McLean's Institutional Animal Care and Use Committee and followed National Institutes of Health guidelines.
ESC Culture and Differentiation
The early passage mouse blastocyst-derived ESC line J1 (with a passage number lower than 12) was provided by Dr. Jaenish and used in this study. J1 cells were maintained and differentiated according to the five-stage in vitro differentiation protocol, as described previously (17). Briefly, embryonic stem cells (ESCs) (Stage 1) were differentiated into embryoid bodies (EB) (Stage 2) on nonadherent bacterial dishes (Fisher Scientific, Pittsburgh, PA, USA) for 4 days in EB medium [Dulbecco's modified Eagle's medium (DMEM) (Life Technologies, Rockville, MD, USA) containing 10% fetal bovine serum (FBS) but leukemia-inhibitory factor (LIF)-free (Hyclone, Logan, UT, USA)] and plated onto an adhesive tissue culture surface (Fisher Scientific). NP cells were selected and expanded in DMEM/F12 containing insulin, transferrin, selenium, and fibronectin (ITSFn) (Sigma-Aldrich; New London, NH, USA) media (44) [neural progenitor/precursor (NP); Stage 3]. At Stage 4, NP cells were suspended in serumfree N2 medium (Invitrogen) with 0.2 mmol/L ascorbic acid (AA) (Sigma-Aldrich) and 20 ng/ml of basic fibroblast growth factor (bFGF) (R&D Systems, Minneapolis, MN, USA) for 4 days, and then the bFGF was removed to induce neuronal differentiation (17, 36) . During this neuronal differentiation stage [differentiated neuronal cells (ND); Stage 5], in the absence of bFGF, some cells started to exhibit neuronal morphology at day 3 and the vast majority of them became neuronal cells at day 7. To systematically investigate the therapeutic potential of different stage cells derived from ESCs, EB (undifferentiated), NPs (multipotent), and ND (differentiated) cells were transplanted into the striatum of ak mice (n = 6, n = 20, and n = 20, respectively).
Immunocytochemistry and Immunohistochemistry
Immunocytochemistry and immunohistochemistry assays were performed as described previously (15, 17) . Using 4% formaldehyde (Electron Microscopy Sciences, Ft. Washington, PA, USA), cells were fixed for 30 min and then incubated with blocking buffer [phosphatebuffered saline (PBS) (Gibco, Gaithersburg, MD, USA), 10% normal donkey serum, NDS; Jackson Immuno Research Laboratories, Inc., West Grove, PA, USA] for 10 min. For the bromodeoxyuridine (BrdU) staining, samples were treated for 30 min in 1 N HCl (Sigma-Aldrich) to denature DNA and sequentially incubated with sodium borate solution (pH 8.0; Gibco) for 15 min. Following incubation of cells with primary antibodies in PBS including 2% NDS at 4ºC, mouse anti-nestin (Rat401, 1 µg/ml; Developmental Studies Hybridoma Bank, Iowa City, IA, USA), rabbit anti-b-tubulin type III (Tuj1) (1:2,000; Covance, Princeton, NJ, USA), and sheep anti-tyrosine hydroxylase (TH, 1:200; Pel-Freeze, Rodgers, AR, USA) anti-l-aminobutyric acid (GABA, 1:500; Sigma-Aldrich), anti-5-hydroxytryptamine (5-HT, 1:500; Immunostar, Hudson, WI, USA), and anti-vesicular monoamine transporter 2 (VMAT2, 1:250; Abcam, Cambridge, MA, USA) were used. For fluorescence staining, cells seeded on coverslips were further incubated with fluorescent-labeled secondary antibodies [cyanine 2 (Cy2)-or Rhodamine Red-X-labeled donkey immunoglobulin G; Jackson ImmunoResearch Laboratories, Inc.] in PBS with 2% NDS for 30 min at room temperature. Each coverslip was counterstained with 1 µg/ml 4,6-diamidino-2-phenylindole (DAPI; Calbiochem, Torrey Pines, CA, USA) and then examined using a Leica TCS/NT confocal microscope (Leica, Heerbrugg, Switzerland) equipped with krypton, krypton/argon, and helium lasers. For immunohistochemistry, mice grafted with ESC-derived cells were terminally anesthetized using an intraperitoneal overdose of pentobarbital (150 mg/kg; Sigma-Aldrich). Brains perfused with 4% formaldehyde and fixed with 30% sucrose (Sigma-Aldrich) in PBS overnight were cryosectioned into 30-µmthick slices. Every sixth section of the striatum was used to analyze graft size, to count the number of surviving cells, and to characterize specific cell types. Brains were incubated with the following primary antibodies: rabbit anti-TH [1:2,000 for 3,3¢-diaminobenzidine (DAB) staining and 1:200 for immunofluorescence (Pel-Freeze)], sheep anti-TH (1:250 for immunofluorescence) (Pel-Freeze), mouse anti-TH (Chemicon, Temecula, CA, USA) (1:200 for immunofluorescence), rabbit anti-Pitx3 (1:200, Santa Cruz Biotechnology, Santa Cruz, CA, USA and 1:00, Millipore, Billericia, MA, USA), mouse anti-nestin (Rat401, 1 µg/ml; Developmental Studies Hybridoma Bank), rabbit anti-btubulin (1:2,000; Covance), mouse anti-glial fibrillary acidic protein (GFAP; 1:500, Chemicon), doublecortin (DCX; 1:200, Cell Signaling, Danvers, MA, USA), neuronal nuclei (NeuN; 1:1,000, Chemicon), G proteinactivated inward rectifier potassium channel 2 (Girk2; 1:200, Abcam or 1:80, Alomone Labs, Jerusalem, Israel), nuclear receptor related 1 (Nurr-1; 1:200, Santa Cruz Biotechnology), anti-rat BrdU (AbD serotec, Oxford, UK; 1:500), anti-5-hydroxytryptamine (5-HT, 1:500; Immunostar, Hudson, WI, USA), anti-vesicular monoamine transporter 2 (VMAT2, 1:250; Abcam, Cambridge, MA, USA), and Corin (1:200, Novus Biologicals, Littleton, CO, USA). For immunofluorescence analysis, each brain section was incubated with Alexa Fluor 488 or 594-conjugated secondary antibodies (Molecular Probes, Carlsbad, CA, USA).To measure graft size and to count TH + cells within each graft (n = 6 for each experimental group), every sixth section was collected and stained for TH. Stereological analysis was performed with DABstained sections using an integrated Axioskop 2 microscope (Carl Zeiss, Thornwood, NY, USA) and Stereo Investigator image capture equipment and software (Microbright Field, Williston, VT, USA).
Transplantation Procedure
Preanesthesia, mice were injected IP with acepromazine (3.3 mg/kg, PromAce, Fort Dodge, IA, USA) and atropine sulfate (0.2 mg/kg, Phoenix Pharmaceuticals, St. Joseph, MO, USA) followed by anesthesia with ketamine (Huons Co. Ltd., Seoul, Korea)/xylazine (Sigma-Aldrich) (60 and 3 mg/kg, respectively, IP). A Kopf stereotaxic frame (Kopf Instruments, Tujunga, CA, USA) was used for transplantation. Postoperatively, buprenorphine (0.032 mg/kg IP, Sigma) was administered. In the 24 h postoperation, buprenorphine (0.032 mg/kg IP) was administrated twice. Based on our preliminary results showing that grafted cells survived equally well with or without treatment with immunosuppressant (data not shown). On injection day, 2 ml of cell suspension was prepared by trypsinization and suspension in PBS. Each animal (2 months old) received an injection of 1 µl (0.25 µl/ min) of cell suspension on each side of the striatum (from bregma: anterior-posterior +0.05, lateral ± 0.18, ventral -0.30), coordinated according to the atlas of Franklin and Paxinos (25) using a 22-gauge, 2.5-µl Hamilton syringe (Reno, NV, USA). Based on previous studies from this and other laboratories (8, 15, 16, 33) and our preliminary tests (data not shown), animals were given 2,000 EB cells, 250,000 NP cells, or 250,000 ND cells per microliter in each hemisphere. To track injected cells, proliferating NP donor cells were labeled with BrdU (10 µmol/L; Roche, Indianapolis, IN, USA) for 24 h before transplantation (56). Before removing the needle, a 5-min waiting period was given to prevent cell reflux. Animals did not receive immunosuppressants in this study. The l-DOPA group received 12.5 mg/kg benserazide (Sigma-Aldrich) 20 min prior to administration of 25 mg/kg l-DOPA followed by behavioral assessment at 10-min intervals. The l-DOPA group was given l-DOPA once prior to behavioral assessment for a total of two injections.
Behavioral Tests
One hour before testing, all animals were allowed to acclimate to the dimly lit testing room (illuminated by a red 25-W incandescent bulb). Each behavioral task (31) was performed at two time points, 1 and 2 months posttransplantation using the same transplanted animals. All sessions were videotaped and coded in slow motion by two independent raters blind to the mouse groups.
Behavioral Experimental Groups. There were six experimental groups for each behavioral test: (1) sham-operated ak group (negative control; n = 10), (2) l-DOPA-treated ak group (positive control; n = 10), (3) sham-operated rd1 group (blind control; n = 10), (4) EB cells transplanted ak group (n = 6), (5) NP cells transplanted ak group (n = 10), (6) ND cells transplanted ak group (n = 10), and (7) WT control (n = 8). Animals received saline or l-DOPA 1 day before the test, and ESC-derived cells were transplanted 1 or 2 months prior to administering behavioral tests.
Locomotor Activity. A polycarbonate cage 44 cm × 22 cm × 15 cm surrounded by photobeam detectors (transected by a 4 × 8 horizontal infrared beam grid) (San Diego Instruments, San Diego, CA, USA) was used for the loco motor (ambulatory) activity test. Either consecutive hori zontal or vertical photobeam breaks were considered locomotor activity and were recorded at 1-h intervals for 24 h for statistical analysis. Each mouse was returned to its home cage. In this test, wild-type mice were included as additional control.
Cylinder Test. Spontaneous movement was measured using a small transparent cylinder (height, 15.5 cm; diameter, 12.7 cm; Plastics Zone, Inc., Woodland Hills, CA, USA). Mice were placed in the cylinder for 3 min and the number of rears was measured. A rear was defined as an animal's vertical movement with both forelimbs and immediately touching the wall of the cylinder after removing both limbs from the ground.
Beam Test. Another motor function was measured using the beam test in which a 1-m length beam was used. The starting width of the beam was 3.5 cm, and it gradually narrowed to 0.5 cm in 1-cm increments. Animals were given 2 days of training sessions before testing. During the training period, a mesh grid normally covering the beam was removed. On the day of the test, a mesh grid (1 cm square) was added to the beam covering the beam surface and leaving ~1 cm room between the grid and the beam surface. In each session, animals ran three trials. (1) The mean number of steps taken by each animal and (2) the mean time to traverse across three trials were collected and used for statistical analysis.
Pole Test. Pole test was performed using a vertical wooden pole 50 cm in length and 1 cm in diameter. Each mouse was gently placed head upwards on top of the pole attached to each animal's home cage. All animals ran tree trials for each session and received two training sessions. On the third day, animals ran three trials, and (1) the time to orient downward and (2) the total travel time were measured for analysis.
Passive Avoidance. Passive avoidance test was performed to measure mice's associative learning and memory. The Gemini Avoidance system (San Diego Instruments, San Diego, CA, USA) was used for this test. The equipment consists of two compartments (each side 25 cm × 20 cm × 20 cm) split by an automated metal door. The dark side compartment has a shock source on a grid floor that can be electrified and a bright side compartment not connected to the shock. On the first day of testing, defined as the learning or acquisition day, each mouse was placed individually in one compartment in which there was no shock source and the chamber door was closed outside. The trial began after a 30-s adaptation period, in which the mouse was allowed to freely explore the compartment. After adaptation, the house light then automatically turned on and the metal door separating the two compartments automatically went up. The gate closed when either the animal entered the dark compartment, or 500 s elapsed, whichever came first. Immediately after the animal entered the dark side, the gate closed and the animal was given a 2-s shock (0.02 mA). On the first day, the latency to enter the dark side was automatically recorded. The animal stayed in the dark side for 10,000 ms after the shock was delivered and then was returned to its home cage. The experimenter counted the number of recorded animal's vocalizations to ensure they received an electrical shock. On the second day, defined as the memory or retention day, mice were placed on the same side, bright compartment using the same parameters as during training. However, contrary to the first day, on the second day no shock is administered. If the animal remembered receiving a shock upon entering the dark compartment, then the animal would be reluctant to enter the dark compartment and prefer to stay in the bright compartment. If the animal had no memory of receiving a shock upon entering the dark compartment, no hesitation to enter the dark compartment would ensue. Therefore, the latency difference between the two testing days is considered a measurement of retention or memory.
Statistical Methods
Statistical analyses were performed using the Statistical Analysis System (Version 9.1; SAS institute, Cary, NC, USA) on a Cornell University mainframe computer. Performance measurements were analyzed using the PROC Mixed program or the PROC GLIMMIX program (SAS), a generalized linear mixed models procedure for conducting repeated measures analyses of nonnormal data (55). Means were calculated for each animal for each testing condition, defined by the following variables (where appropriate): groups and time block. Each time block consisted of 5 min, thus dividing the 30 min into six blocks for the locomotor activity task. For the beam, pole, and cylinder tests, the first month after transplantation was analyzed. In addition, the means for each testing condition, defined by the groups and time values, were compared for the transplanted groups. The time variable consisted of two time points: 1 and 2 months after transplantation. For the passive avoidance test, the means of the values obtained by calculating the latency difference between day 1 and day 2 (d2-d1) were compared using two-way ANOVA. For all of post hoc contrast analysis, Fisher's least significant difference test (LSD) that the SAS programs automatically provided was used for specific comparisons. Correlations between surviving TH + cells in the host striatum and motor function scores from the cylinder test were analyzed using Pearson's correlation coefficient.
RESULTS
ak Mice Exhibit No Impairments in Overall Spontaneous Locomotor Activity
In the present study, using a genetic model of PD (the ak mouse), we tested the effect of transplantation of cells at three different stages derived from mouse ESCs (i.e., EB, multipotent NP, and differentiated ND cells) ( Fig. 1A) . Notably, the vast majority of NP stage cells were nestin + with a minor population of b-tubulin (Tuj1 + ) cells. In contrast, ND stage cells were mostly Tuj1 + . Since late ND stage cells could not survive in host brains following transplantation, we used early ND stage cells (ND3) for transplantation, having a significant proportion of remaining nestin + cells (Fig. 1) . These ND stage cells contained different neural cell types, including DA, GABA, serotonergic neurons and astrocytes, demonstrating the multipotency of NP cells (Fig. 1B) .
In addition to three cell-treated ak groups, four control groups were employed: (1) a sham-operated group as negative control, (2) an l-DOPA-treated group as positive control, (3) wild-type control (WT), and (4) an rd1 group (rd1) as a blinded positive control group to assure that any potential changes that we observed were not due to ak mice's blindness, but rather were related to the loss of mDA neurons (2,31). We first tested if the cell transplanted groups showed any difference in overall spontaneous locomotor activity at 1 month posttransplantation. As shown in Figure 2A , there were no statistically significant differences between the six experimental groups in overall spontaneous locomotor activity. This finding is consistent with our previous results (31) and further showed that basic motor activity of cell-transplanted ak mice was indistinguishable from that of control groups such as sham-operated ak, WT, and rd mice. Most groups showed slightly increased activity during night time ( Fig. 2A) . The ability of ak mice to display normal movement in nondemanding tasks is important because it suggests that these animals can be further tested in a series of more demanding and specific behaviors for the assessment of motor and cognitive functions.
Transplantation of ESC-Derived Cells Reverses Motor Behavior Deficits That Are Sensitive to the Nigrostriatal Pathway
Gross motor activity tests did not show the presence of motor deficits in any of the experimental groups ( Fig. 2A ). Most of groups showed increased activity during nighttime ( Fig. 2A) . We further performed a battery of behavioral tests specific for nigrostriatal impairment, including assessments of spontaneous exploratory activity (the cylinder test) and sensory motor coordination (the challenging beam test and the pole test) (23,24).
On the cylinder test, spontaneous exploratory activity was measured in a transparent cylinder. Remarkably, when tested 1 month posttransplantation, sham-operated ak mice displayed a significantly lower number of rears (less than sixfold) than any of l-DOPA or ESC-derived cell transplanted groups [F(6, 106) = 22.33, p < 0.0001]. Specifically, ak mice transplanted with EB, NP, or ND cells and l-DOPA-injected ak mice exhibited a significantly higher number of rearing behaviors during the 3 min of testing than the sham-operated group (p < 0.001) ( Fig. 2B ). There were no differences between the groups with the exception of the sham-operated group, WT group, and rd1 group, suggesting that transplantation of all three-stage ESC-derived cells generated prominent therapeutic effects that were comparable with l-DOPA treatment. To further investigate long-term effect of cell transplantation, separate experiments were performed 2 months posttransplantation. Interestingly, we found that only ak mice transplanted with NP cells showed a longer term behavioral effect, as indicated by a significant interaction between groups and time [F(6, 67) = 10.96, p < 0.0001] (Fig. 2B) . With the exception of ak mice transplanted with NP cells, all cell-treated groups displayed a decrease in rearing 2 months posttransplantation compared with 1 month posttransplantation.
In contrast, ak mice transplanted with NP cells maintained an increased rearing 2 months posttransplantation (Fig. 2B) . Two months posttransplantation acute injection of l-DOPA increased rearing activity (p < 0.0001). Consistent with 1-month behaviors, the WT and rd1 groups did not differ from the sham-operated ak group, suggesting that the cylinder test is not sensitive enough to differentiate the normal groups from ak mice.
On the challenging beam test, the sham-operated ak group displayed significantly longer latencies to traverse the beam than any of the other groups [F(6, 106) = 8.26, p < 0.0001] (Fig. 2C) . Post hoc comparisons confirmed that ak mice transplanted with EB, NP, or ND cells or treated with l-DOPA, WT, and rd1 groups traversed the beam significantly faster than the sham-operated ak group (p < 0.001). The impairment in beam traversal shown Embryoid bodies (EBs) (stage II) were derived from undifferentiated cells (ES cells; stage I). NP cells were induced using defined medium (stage III) and then expanded in the presence of basic fibroblast growth factor (bFGF) (stage IV), in which a highly homologous nestin + cells are evident. Next, neuronal progenitor (NP) cells were differentiated into b-tubulin (Tuj1 + ) cells by mitogen removal [neuronal differentiated (ND) (stage V)]. At the early ND stage (e.g., ND3), a significant proportion of cells are still nestin + , while the vast majority become Tuj1 + neuronal cells at a later stage (e.g., ND7 or later). (B) Neuronal marker expression at early and late stage of ND cells: Differentiated ND stage cells were further analyzed for their lineage-specific marker expression by immunocytochemical analyses. Immunofluorescent analyses showed the presence of general neuronal (Tuj1), GABAergic (l-aminobutyric acid; GABA), serotonergic (5-hydroxytryptamine, 5-HT) neurons, and astrocytes (glial fibrillary acidic protein, GFAP) in early (ND3; top) and late stages (ND7; bottom) cells. Notably, greater proportions of total cells showed these lineage cell types at ND7 than at ND3. Scale bar: 50 mm. ITSFn, insulin, transferrin, selenium, and fibronectin; N2AA, N2 media and ascorbic acid; TH, tyrosine hydroxylase.
by the sham-operated group mimics the slower movements observed in PD patients. Our results indicate that ak mice transplanted with ESC-derived cells (EB, NP, or ND cells) displayed significant motor improvements in beam traversal time. Furthermore, the level of improvement resulting from cell transplantation was comparable with that obtained with l-DOPA administration. We also performed the challenging beam test 2 months posttransplantation. There is a significant interaction between groups and time was not significant [F(6, 47.5) = 3.41, p = 0.007]. The interaction pattern indicated that traverse time in ak mice transplanted with EB cells was worse than those transplanted with NP or ND cells 2 months posttransplantation, further suggesting that transplanted EB cells did not show long-term behavioral effect while that of NP or ND cells showed long-term effects (Fig. 2C) .
We next performed the pole test, which had been used to assess basal ganglia-related movement behavior in mice (31, 49) . When tested 1 month posttransplantation, sham-operated ak mice placed heads facing upwards at the top of a vertical pole showed a longer latency to orient themselves downwards than mice in the other groups [F(6, 72) = 4.15, p < 0.001] (Fig. 2D) . Mice with transplanted cells from all three stages showed a reduction in the time required for downward orientation (p < 0.01), indicating that transplanted cells ameliorated impaired motor function seen in ak mice. However, it took more time for mice from transplanted groups for downward orientation compared with rd1, WT controls and l-DOPA-treated ak mice, indicating that motor improvement in this test was partial 1 month posttransplantation. When we further examined this behavior 2 months posttransplantation, we observed a significant interaction between groups and time [F(6, 72) = 9.66, p < 0.0001] ( Fig. 2D) and found that the time to orient the head downwards was significantly faster in NP-transplanted ak mice than EB-or ND-transplanted ak mice. The total time to travel down to the home cage also showed consistent results similar to those of the head orientation measurement. At 1 month posttransplantation, the time to travel down was longer in sham-operated ak mice than those from the NP, ND, rd1, WT, and l-DOPAtreated groups [F(6, 74.4) = 10.29, p < 0.0001] ( Fig. 2E) . Ak mice transplanted with EB cells took longer time to come down into the home cage compared with the NP, ND, rd1, and l-DOPA groups. At 2 months posttransplantation, we again observed a significant interaction between groups and time [F(6, 71.1) = 3.51, p < 0.004] (Fig. 2E) . Ak mice transplanted with NP cells showed further improved behavior.
Taken together, the above results indicate that transplantation of ak mice with ESC-derived cells significantly improves motor behaviors specific to the nigrostriatal pathway and that transplantation of NP-stage cells resulted in better and/or longer term improvements than that of other stages in these motor tests.
Associative Learning Deficit of ak Mice Is Reversed by ESC-Derived Cell Transplantation
Inhibitory avoidance learning is an operant associative learning task that blind mice can readily perform (19, 22) . Indeed, the inhibitory avoidance task acquisition trial showed no difference between ak and rd1 mice (data not shown). When we tested ak groups transplanted with NP or ND cells and the rd1 group at 1 month posttransplantation (which is designated day 1 in Fig. 3A) , they showed no difference compared to the sham-operated group in the latency step into the shock paired side, that is in line with the observation that the baseline locomotor activity of animals was similarly intact ( Fig. 2A) . On day 2, 24 h after receiving a shock, ak mice transplanted with NP and ND cells and the rd1 group showed strikingly increased latencies, often more than 10-fold the latencies of day 1. In sharp contrast, the latencies of sham-operated ak mice and EB cell-transplanted ak mice increased only slightly if at all on day 2, indicating memory impairment. Comparison of the five groups with respect to change in inhibitory avoidance, which is the change in latency due to learning, showed that sham-operated ak mice were significantly different from ak mice transplanted with NP (p < 0.05) or ND (p < 0.0001) and the rd1 group (p < 0.05) whereas ak mice transplanted with EB did not show a group difference compared with the sham-operated ak group and showed significantly shorter latency compared with ak mice transplanted with NP (p < 0.05) or ND (p < 0.05) and the rd1 group (p < 0.05) (Fig. 3C ). There was no difference between ak mice transplanted with NP or ND in any of the measurements. To assess the long-term survival of transplanted cells, passive avoidance tests were performed 2 months after transplantation. The two transplanted groups and the rd1 group exhibited increased latencies, while sham-operated and EB transplanted ak mice did not show any increase (p < 0.05) (Fig. 3D ). There was a significant difference between NP and ND transplanted ak mice indicating that NP showed long-lasting effect on passive avoidance (p < 0.001). Interestingly, the NP group also showed significantly increased latencies compared with the blind normal control (the rd1 group). To rule out differences in shock sensitivity, vocalizations were measured, but no statistically significant differences were observed (data not shown).
NPs Efficiently Generate DA Neurons After In Vivo Transplantation Into Mouse Striatum While EB Transplantation Resulted in Teratoma Generation in the Host Brain
At week 9 posttransplantation (after all behavioral tests were performed), we sacrificed transplanted ak mice and analyzed brain sections containing grafted cells. At this point, all 46 transplanted animals survived although all six ak mice transplanted with EB cells appeared to be pretty sick. Strikingly, when we analyzed their brains, we found that all six EB-transplanted ak mouse brains contained overgrown teratomas that disrupted host brain structure (Fig. 4A) . In contrast, we found only one such teratoma out of 20 ak brains transplanted with NP or ND cells (Fig. 4B, C) . Additional analysis using the chi-square test confirmed that the number of teratoma formation among groups were significantly different ( c 2 = 32.775, p < 0.0001).
Due to severe brain structure damages and teratoma outgrowth in EB-transplanted ak mice, we further analyzed only NP-and ND-transplanted ak mice. In sharp contrast to sham-operated ak mice (containing no TH + cell bodies), we observed the presence of large numbers of TH + neurons in both NP-and ND-transplanted ak mice (top, n = 6 for each group) (Fig. 5A) . These TH + neurons residing in the grafts appeared to extend neurites into the host brain (Fig. 5A, bottom) . The neurite density was much stronger than sham-operated ak group and comparable with the WT controls (Fig. 5A) . A statistically significant difference in the numbers of TH + neurons and graft size was found in the striatum of NP-and ND-transplanted ak mice brains (p < 0.01 and p < 0.001, respectively) ( Fig. 5B, C) . Taken together, our results indicate that differentiation and/or survival of DA neurons was optimal in NP cell transplantation, which corroborates with our behavioral outcomes. To evaluate the direct correlation between graftinduced functional improvement and surviving TH + cells, we performed a correlation analysis of our behavioral results in the cylinder test using the Pearson correlation coefficient. Each dot indicates a mouse (Fig. 5D, E) . Overall, there was a strong positive correlation between two variables (Pearson coefficient, r 2 = 0.748, p < 0.0001) (Fig. 5D ). When correlation was analyzed according to the treatment group, only the NP group exhibited a positive correlation between the two variables (Pearson coefficient, r 2 = 0.619, p < 0.05), but not the ND group (Pearson correlation coefficient, r 2 = 0.273, p > 0.28 for the ND group) (Fig. 5E ). As shown in the pattern of scattered dots, the NP group that exhibited an increased number of TH + neurons tended to exhibit higher rears in the cylinder test. This suggests that the number of surviving TH + cells in the striatum is positively associated with the recovery of impaired limb usage. Statistical analysis was not applicable for the sham group and EB transplanted group since there were no TH + cells detected (the sham group) or the number of TH + neurons could not be analyzed due to severe brain damage (the EB group). To further investigate whether improvement of cognitive function is dopamine dependent, further examination of the correlation between DA neurons in the graft and the passive avoidance test was performed. There was a significant correlation of DA neurons in the graft and the performance of passive avoidance test (Pearson correlation coefficient, r 2 = 0.268, p < 0.02 for the total) ( Fig. 5F) . However, this positive correlation disappeared when the sham-operated group was removed (Pearson correlation coefficient, r 2 = 0.002, p > 0.89 for the total without shamoperated group) (Fig. 5G, H) . Furthermore, the correlation analysis of individual group did not show any positive correlation. Further investigations are warranted in order to identify the underlying mechanism by which impaired striatum dependent cognition was improved.
Next, we further examined the dopaminergic cell phenotype in ak mice transplanted with NPs at 9 weeks posttransplantation (following all behavioral tests). In addition, at an earlier time point, we transplanted NPs in additional ak mice and analyzed the grafts at 4 weeks posttransplantation. One month after transplantation, we found many Corin + cells (a cell surface marker of floor plate cells) (46) but few TH + cells at the injection site (Fig. 6A ). BrdUlabeled NP cells were colocalized with TH + cells indicating that TH + cells were differentiated from injected NP cells FACING PAGE Figure 2 . Behavioral testing of transplanted mice. (A) Locomotor activity: General locomotor activity was not altered in transplanted ak mice. There were no statistically significant differences between the seven experimental groups in overall spontaneous locomotor activity measured in the automatic locomotor box for 24 h. In this test, mice were treated with l-DOPA and saline 1 day before the test, while cell transplantation was performed 1 month prior to the test. (B) Cylinder test: Spontaneous exploratory activity was measured in the cylinder for 3 min at 1 and 2 months posttransplantation. Sham-operated aphakia (ak) mice, wild-type (WT), and retinal degeneration 1 (Rd1) groups displayed a significantly lower number of rears than ak mice transplanted with EB, NP, or ND cells and l-DOPA-injected ak mice (p < 0.001). There were no differences between groups with the exception of sham-operated ak mice. In the assessment of performance 1 and 2 months posttransplantation, only ak mice transplanted with NP cells showed a long-term effect (p < 0.05). While EB and ND transplanted ak mice displayed a decrease in rearing 2 months posttransplantation compared with 1 month posttransplantation (p < 0.01, slope difference compared with performance between 1 and 2 months), ak mice transplanted with NP cells showed constantly high numbers of rearing 2 months posttransplantation. At 2 months, the WT and rd1 groups maintained lower rearing number. **p < 0.001 compared with sham-operated, WT and rd1 groups. #p < 0.05 compared with EB, ND groups. *p < 0.01, slope difference compared with performance between 1 and 2 months posttransplantation. (C) Challenging beam test: ak mice transplanted with EB, NP, or ND cells or treated with l-DOPA, WT, and Rd1 groups showed significantly faster time to travel the challenging beam than the ak sham-operated group (p < 0.001). There were no statistically significant interactions between groups and time (p = 0.46). The interaction pattern, however, indicated that traverse time in ak mice transplanted with EB cells increased 2 months posttransplantation, further demonstrating that ak mice transplanted with NP and ND cells, but not EB cells, exhibited longterm beneficial gains. **p < 0.001 compared with sham-operated group. (D) Pole test, head down: ak mice showed a significantly longer latency to orient themselves downwards than any other group (p < 0.003). Mice transplanted with cells from each of the three stages showed decreased times to achieve downwards orientation compared with untreated ak mice (p < 0.0001). The transplanted groups performances were comparable with that of the l-DOPA WT and rd1 control groups. A significant interaction between groups and time (p < 0.05) demonstrated that time to orient the head downwards in ak mice transplanted with NP cells was much faster than in the groups transplanted with cells from the EB or ND stages 2 months posttransplantation. **p < 0.001 compared with sham-operated group. *p < 0.05, compared with EB, ND, and sham-operated groups at 2 months. (E) Pole test, total travel time: the total time to travel downward to the animals' home cage was tested. Sham-operated ak mice showed longer times to travel down the pole than NP, ND, WT, Rd1, and l-DOPA-treated mice (p < 0.003). In this test, ak mice transplanted with EB cells showed longer time to return to the their home cage compared with mice from the NP, ND, Rd1, and l-DOPA groups. Analysis of the long-term effect of transplanted cells revealed a significant interaction between groups and time (p < 0.05). **p < 0.003 compared with sham-operated group. *p < 0.05, compared with ND, and sham-operated groups at 2 months. (Fig. 6A ). In addition, we found that many doublecortin + (DCX; a marker of migrating neuroblasts) cells were colabeled with corin + cells at 4 weeks. DCX + cells were clustered with corin + cells in the graft indicating that injected NPs may have the migration capacity.
At 4 weeks posttransplantation, GFAP + cells and Tuj1 + cells were also clustered at the injection site (Fig. 6A) . In comparison with the 4-week posttransplantation results, there were much more TH + cells at 9 weeks posttransplantation while corin + cells significantly decreased ( Fig. 6B ; data not shown). Furthermore, these TH + cells appeared to have midbrain phenotype, as evidenced by coexpression of midbrain dopaminergic markers such as Pitx3 and Nurr1. In addition, some of these TH + cells coexpressed the A9-specific marker Girk2. Taken together, these data indicate that transplanted NP cells differentiated into midbrain-type DA neurons in the host brain.
DISCUSSION
Since the main pathology of PD is selective degeneration of mDA neurons in the SN, stem cell-based cell replacement is a highly promising therapeutic approach. Indeed, several clinical trials of intrastriatal transplantation of human fetal mesencephalic tissues provided proof of principle that cell replacement therapy can work in PD patients (37, 38, 47, 50) . However, due to significant ethical, technical, and practical limitations of fetal cell transplantation, it is critical to develop additional cell sources by testing their behavioral effects in adequate animal models. Toward this goal, numerous laboratories have investigated a variety of stem cells using animal models from different species (e.g., mouse, rat, and monkey), which are mostly based on neurotoxin [e.g., 6-OHDA and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)] treatment to elicit nigrostriatal lesion (4, 5, 7, 18) . Since these neurochemical animal models are labor-intensive and prone to fluctuation in terms of the degree of lesion, it is challenging to use them for high throughput and systematic analyses of different aspects of cell transplantation therapy. With the long-term goal of establishing (a) genetic animal model(s) of PD for cell transplantation studies, the present study investigated the behavioral outcomes of transplantation of ESC-derived cells into the striatum of ak mice. While numerous genetic models of PD have been generated by knockout or overexpression of one or more familial PD genes in mice, they have fundamental limitations as host animals for stem cell transplantation studies because they neither display the selective loss of midbrain DA neurons nor display clear motor dysfunction (23, 40) . In this regard, the ak mouse is a promising candidate model because of the robust loss of midbrain DA neurons and motor deficits, although its severe early developmental deficit and potential compensatory action may not exactly mimic those seen in PD. Since ak mice can breed as homozygote pairs, large number of animals are readily available for systematic behavioral analyses with minimal individual fluctuations. This unique PD model also has the advantage to test both neurological as well as cognitive deficits. Thus, we transplanted, for the first time to our knowledge, cells at different stages of in vitro differentiation (i.e., pluripotent EB, multipotent NP, and differentiated ND cells) and compared the functional and behavioral outcomes. Based on previous findings that ak mice exhibit deficits in motor and cognitive behaviors (2,31), we also tested if stem cell transplantation can ameliorate cognitive impairments as well. This comprehensive study revealed several salient aspects of stem cell transplantation, as discussed below.
Transplantation of Different Stage Cells Result in Different Tumor Formation Frequencies in Host Animals
In order for stem cell transplantation to become a realistic treatment for PD, it is of the utmost importance that tumor formation be completely avoided. This is even more so because, albeit PD is a devastating disease, the life span of patients is not significantly compromised. Thus, it is critical to carefully assess tumor formation in transplantation studies using animal models and how to prevent it. In a previous study (8) , transplantation of low numbers (1,000 to 2,000 cells per animal) of undifferentiated mouse ESCs in 6-OHDA lesioned rats resulted in direct differentiation into DA neurons and an improvement in motor function, while about 20% of transplanted animals developed teratoma-like tumors. Remarkably, such tumor formation was avoided when in vitro-differentiated mouse ESCs (stage 5 day 3) were used, resulting in efficient behavioral improvement (13). In addition, tumor formation could be avoided when purified NPs were transplanted using knock-in mouse ESCs at the sex-determining region Y box 1 (Sox1) gene locus (15). However, these purified Sox1 + /green fluorescent protein-positive (GFP + ) NPs inefficiently generated DA neurons, possibly due to different developmental origin. In the present study, we transplanted different stage cells from mouse ESCs into ak mice and compared functional and behavioral outcomes, including formation of teratoma-like tumors. Strikingly, all host animals transplanted with 4,000 EB cells (2,000 EB cells in each hemisphere) developed teratoma(s), which is quite different from the previous study showing 20% teratoma formation following transplantation with 1,000 to 2,000 undifferentiated ESCs (8) . Although exact reasons for these different results are not clear, it may be explained by the different experimental conditions used in these two studies. First, it should be noted that different species of host animals (rat and mouse) were used. Since the present study used isogenic cell transplantation, it may have caused a more striking formation of teratomas in the host brains. In support of this possibility, an interesting previous study demonstrated that, in the homologous mouse brain, transplantation of mouse ESCs generated teratomas with much higher frequencies (20). Second, different stage cells from mouse ESCs (stages 1 and 2) are used. Although both ES (stage 1) and EB (stage 2) cells have developmentally similar potential and are pluripotent, this difference may still contribute differently to teratoma formation. Third, the present study did not use immunosuppressant treatment because it was unnecessary due to their isogenic nature. Finally, this study used a smaller number of cells for transplantation compared to the 2002 study (8) . Given that the mouse brain is much smaller than the rat brain, the cell dose of the present study was in fact much smaller, leading to a quite different outcome of teratoma formation. Another interesting finding is that teratoma formation was not completely prevented when differentiated cells were transplanted. It is possible that our cell preparation still contained some residual undifferentiated cells even at the stage 5, occasionally causing teratoma formation. Our finding strongly suggests that it is absolutely important to develop efficient methods/procedures to completely remove these remaining undifferentiated cells prior to clinical application of transplantation therapy. Alternatively, it is equally important to further develop efficient protocols to differentiate ESCs into functional cells and to purify them prior to transplantation.
Transplantation of NP Stage Cells Exhibit Efficient and Long-Term Behavioral Recovery
Based on our previous studies showing selective degeneration of A9 mDA neurons in the SN and related motor behavior deficits in ak mice (30,31), we addressed how the transplantation of mouse ESCs-derived cells at each stage of differentiation affects these behaviors in comparison with genetic (rd) and drug (l-DOPA)-treated control mice. Toward this goal, we tested various motor behavioral paradigms such as cylinder, beam, and pole tests 1 and 2 months posttransplantation. These tasks are specific to basal ganglia function and involve (1) letting them freely check the cylinder environment, (2) running them on the demanding beam, (3) elevating the animals by placing them on the pole, and (4) recording the frequency and direction of the specific behavior. Interestingly, in the cylinder test, grafted animals showed a significant increase in rearing compared to sham animals, indicating that transplantation of all stage cells exerted functional improvement. In the beam and pole tests, mice transplanted with NP or ND cells showed better improvements than those transplanted with EB cells 1 month posttransplantation. Thus, mice transplanted with NP or ND cells exhibited better functional recovery than those transplanted with EB cells. Importantly, 2 months posttransplantation, NP-transplanted ak mice showed comparable or better improvement than EB-or ND-transplanted ak mice in all behavioral tests. Taken together, our results indicate that grafting of NP cells generated long-term and optimal functional integration in the host striatum. In line with this conclusion, a higher number of TH + neurons were found in the striatum of NP-transplanted ak mice than ND-transplanted animals. Furthermore, there was a positive correlation between the number of TH + neurons and the behavioral outcome (limb usage in the cylinder test) in the NP group. Figure 5 . Correlation between TH cell counts and behavior in transplanted mice. (A) Transplantation of NP and ND stage cells into the striatum of ak mice resulted in the presence of large numbers of TH + neurons in the grafts, while no TH + cells were detected in the sham-operated group. The enlarged brain sections indicated by the boxes show the presence of TH + cell bodies in the host brain. Scale bar: 100 mm (B, C). Total numbers of TH + neurons and graft volume in the brain of NP-transplanted (n = 6 for each group) (B) and ND-transplanted ak mice (C). At 9 weeks posttransplantation, total TH + cells were counted. In the EB-transplanted group, quantification of TH + cells was not feasible due to malformation of brain structure. There were statistically significant differences in the numbers of surviving TH + neurons in the striatum of ak mice transplanted with NP and ND cells. Graft analysis revealed a larger volume in NP transplanted mice than in the ND transplanted group. (D, E) Correlation between graft-induced functional improvement and TH + cells: Each dot indicates a mouse. There was a strong positive correlation between two variables (Pearson coefficient, r 2 = 0.748, p < 0.0001). The NP group exhibited a strong positive correlation between the two variables (Pearson coefficient, r 2 = 0.619, p < 0.05, black color), but not in the ND group (Pearson correlation coefficient, r 2 = 0.273, p > 0.28 for the ND group, N/A for the sham and EB group). (F) There was a positive correlation between two variables (Pearson coefficient, r 2 = 0.268, p < 0.02). (G, H) However, the positive correlation disappeared when individual groups were analyzed and sham-operated groups were removed. NA indicates data were not applicable to compare among treatment groups. CC, corpus callosum; LV, lateral ventricle; ST, striatum.
FACING PAGE
Figure 6.
Marker gene expression in the grafts at 4 weeks and 9 weeks posttransplantation: (A) Bromodeoxyuridine (BrdU)-labeled NP cells colocalized with TH + cells. 4 weeks posttransplantation, a large number of corin + cells appeared in the graft, but few TH + cells were observed. Many corin + cells coexpressed doublecortin (DCX). Many GFAP + cells (astrocytes) and Tuj1 + cells (neurons) were clustered at the injection site. (B) Nine weeks posttransplantation, many more TH + cells were detected, many of which coexpressed other midbrain dopamine (mDA) markers such as pituitary homeobox 3 (Pitx3), nuclear receptor-related 1 (Nurr1), and G proteinactivated inward rectifier potassium channel 2 (Girk2). Arrows: coexpressing cells. Scale bar: 100 mm. VMAT2, vesicular monoamine transporter 2.
Improved Cognitive Function by Cell Transplantation in ak Mice
Up to 80% of PD patients exhibit a broad range of cognitive impairments, from dementia and executive dysfunction to more subtle memory loss (1, 10, 12, 57) . Thus, behavioral examination of cognitive dysfunction in PD animal models is crucial to assess the effectiveness of therapeutic approaches. Nevertheless, these cognitive/ nonmotor deficits in PD animal models have rarely been reported, largely due to the lack of appropriate animal models that can allow the assessment of such behavioral outcomes. Based on our previous study showing that ak mice exhibit cognitive impairments (2), we attempted to test whether transplantation of ESC-derived cells improves behavioral deficits in the passive avoidance task, a well-known assessment of learning. We found that ak mice transplanted with NP and ND cells showed prominently improved behavior, as evidenced by much prolonged latencies compared to the sham group. In particular, transplantation of NP cells increased the latency more than 10-fold, again suggesting that NP cells represent the best cell source for functional improvement. Furthermore, this cognitive improvement persisted 2 months posttransplantation. Further investigation is warranted to elucidate the mechanisms underlying the improvement in cognitive function. For instance, it will be of interest to investigate if restored DA neurotransmission or other neurotransmitter systems (e.g., serotonin or glutamate) is responsible for this improvement in this DA depleted animal model. In addition, it will be informative to perform similar transplantation experiments within other neuronal circuits that are known to underlie cognitive behaviors, preferentially using purified neuronal subtype populations.
CONCLUSIONS
Our findings strongly suggest that the ak mouse, a genetic PD model, is a useful animal model to investigate different aspects of PD such as motor deficits and cognitive impairments as well as therapeutic approaches such as cell transplantation and treatment with small molecules (e.g., l-DOPA). The availability of large numbers of animals allows for the systematic study of different aspect of cell transplantation therapy such as tumor formation in addition to behavioral improvements. In addition, our study emphasizes that grafting of pluripotent cells (e.g., EBs or ESCs) causes tumor formation and suggests that NP stage cells may represent the optimal stage cell source for functional integration and long-lasting behavioral improvement. However, NP cells can also cause teratoma formation if there are residual pluripotent cells, necessitating further strategy development to remove undifferentiated cells to completely avoid tumor formation prior to clinical application.
